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Abstract 
Hydraulic main stages for off highway machines have usually electromagnetic driven 
pilot valves. You rarely find stepper motor driven pilot systems that are directly 
positioning the main spool in the sectional control valve. The presented concept shows 
the development of an actuator in a unique setup to fulfill the requirements of most off-
highway applications. Precise positioning, strength, speed and fail safe requirements 
were the main goals of the concept. The concept has a two phase BLDC transversal flux 
motor with a single gear stage transmission. The software and control unit are specially 
designed for this electric motor setup. On a test bench some results of the first samples 
reveal the technical potential of this concept. The development of the actuator was done 
in-house of Thomas Magnete GmbH (mechanical, electronical, and software 
development). 
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1. Introduction 
Hydraulic drives in off highway machines are the state of art as well as hydraulic pilot 
valves to drive the spool in hydraulic main stages. For some functions in off highway and 
agriculture machines a precise controlled closed loop is necessary. If a typical application 
is considered as an excavator arm there is a closed loop existing through the operator 
watching the excavator arm moving and reacting with his hand at the joystick. Without 
this loop it would only be a steered driving. A good example are seeding machines to 
bring out the seed into the ground. The waste of seed by bringing too much seed is 
undesirable just as the waste of ground by bringing out too little amount of seed. Since 
this process can´t be controlled through the user with his eyes and hand a sensor is 
needed in the actuation and low hysteresis to react to small signal changes. To control 
on the other hand steering systems of vehicles - speed and fail safe requirements have 
high demands. Several approaches can be considered for the controlled actuation of the 
spool. To actuate the main spool precise and controlled there are several reasons to 
Group 15 - Actuators and Sensors | Paper 15-2 503
consider an oil free actuation of the spool in a closed loop system. For some applications 
it is a benefit to leave out the oil infrastructure for the pilot valve. Just the cable connection 
to the ECU is necessary and no pipes and connectors. Electromechanical actuators 
seem to bring some technical benefits compared to classic hydraulic pilot valves in 
certain applications.  
 
Figure 1: Insight view of the EMA  
 
Figure 2:  Variation of EMA 
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2. Technical requirements 
The approach for the concept was to find the biggest intersection for the main possible 
requirements. Those requirements where collected through customer dialogue and field 
surveys. In table 1 some of the requirements are listed. 
Parameter  Value Unit 
Width < 35 mm 
Length < 120 mm 
Height < 110 mm 
Power supply 12 and 24 V 
Nom. precision 20 μm 
Max. precision max.30 μm 
Dynamic @10mm stroke 
with 300N load 
< 50 ms 
Ambient temperature -40 to +110 °C 
Electrical power 
consumption 
max. 60 W 
Protection class IP67, IP6K7, IP6K9  
Communication  CAN  
Table 1: Technical requirements 
Since the spool is symmetrical centered in the main valve housing the connection from 
the actuator to the spool needs also to be in the middle. This has a great influence to the 
gear and motor design. To be able to use the actuator also in applications with high 
demands at fail safe requirements a not-self-locking gear was needed. 
3. General concept of the actuator 
The design of the electromagnetic actuator (EMA) is driven by the space requirements. 
The limitations in the design are mainly given by the width of the main valve housing and 
the centered connection to the spool. Arranging the motor with his main axis along the 
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axis of the spool would have meant a shift of the force direction of 90°. This would have 
made an angular gear necessary which would have meant a great loss of efficiency in 
the transmission. Arranging a motor–axis orthogonal to the spool limits either the length 
of the motor or an additional gear and shaft is necessary. By arranging the phases of the 
motor on both sides of the midplane of the spool the force has no loss through direction 
changes. 
 
Figure 3: Exploded view of EMA 
 
 
Figure 4: Rotor and stator of EMA with toothed rod 
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Since the arrangement of the motor is symmetrical around the centered toothed rod the 
number of phases could only be an even number. This is quiet unusual for a servo-motor 
and more common for a stepper motor. This caused Thomas to develop a custom made 
electronical control. 
3.1. The transmission 
The gear ratio is determined through the diameter of the rotor (figure 5: see D1) and the 
toothed gear wheel (figure 5: see D2) which drives the toothed rod. The gear ratio needs 
to be chosen as an optimum between speed, force and self-locking. In the shown case 
the ratio was 6:1. 
  
Figure 5: Transmission ratio (view as half section) 
3.2. The BLDC transversal flux motor 
3.2.1. Basic function 
Each stator of the two phases has a single coil wound up around the motor-axis. To 
create a turning force on the rotor the coil is electrified and an electromagnetic field is 
being generated. This electromagnetic field wants to flow between the airgap in the 
openings of the stator (see figure 6). The magnetic field now wants to close this gap with 
the lowest resistance and this is case it is the rotor. 
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Figure 6: Airgap between the teeth of the stator 
Since the rotor is made out of a permanent magnetic material the magnetic flow is moving 
through the rotor. The permanent magnetic field of the rotor is interacting now with the 
electromagnetic field of the stator is generating a torque force. The following rotation is 
coming to an end when the magnetic field is saturated between stator teeth and rotor 
magnet. Before this happens the second phase (figure 6: second rotor and stator on the 
right side) is electrified and turns the rotor further on. The rotor shows an even number 
of radial poles as the stator teeth pairs (see figure 7) just like a stepper motor. Therefore 
a second rotor –stator pair is necessary. To be able to turn the motor the two phases of 
the rotor magnet are twisted a half magnetic pole to one another /1/. The 3-D simulation 
and optimization of the motor was done in-house with Maxwell. 
 
Figure 7: Stator and rotor 
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3.2.2. The Stator material 
Brushless direct current motors (BLDC) are widely known. More unknown are transversal 
flux motors (TFM). One of the reasons is that the use of electrical sheets can’t be used 
in the 3-dimensional design of the teeth. The 3-dimensional design requires a special 
material when it comes to higher frequencies (typically >=50Hz). Otherwise the eddy 
current losses are too high and this would create heat and lower the efficiency. 
 
Figure 8: Stator for TFM 
Typically those parts are made out of soft magnetic composite (SMC). The raw material 
is based on iron powder and coated with isolating and gluing material. The material is 
being pressed in the same way than conventional sinter parts. After pressing the part is 
treated with heat in such a way that the powder is glued together and the single granule 
is still electrically insulated. The disadvantage of the material is that it easily brakes since 
it is only baked (glued) and not sintered. Transport, mounting and vibration can be 
dangerous for the parts. This lowers geometrical possibilities to keep wall thicknesses 
big enough. The shown stator (figure 8) for example can’t be manufactured in series in 
this design. This is one of the remaining tasks concerning an efficient serial production 
of the concept shown here. 
3.3. Control of the EMA 
Most electrified motors have an uneven number of phases. Therefore lots of standard 
controls don’t fit to the shown concept and therefore a special control was developed. To 
be able to react precise and fast the controller is working proportional (P), integrating (I) 
and with a char line (CL) (see figure 9). To reach the high demands for a good small 
signal behavior an advanced motor control (AMC) was in-house developed and 
implemented. The AMC smoothest the already low torque ripples of the motor. The angle 
Group 15 - Actuators and Sensors | Paper 15-2 509
of the motor was detected in the first sample with a GLM sensor (company sensitec) 
which worked well. Alternatives which could be implemented where also surveyed and 
tested.
 
Figure 9: Software structure 
3.4. First tests 
The first tests where done on a test setup without any hydraulic but with a mechanical 
setup that simulated the dynamic behavior of a main spool. To substitute the centering 
springs of the block and hydraulic forces the tests where done against a spring package. 
Forces where measured with a reference force sensor and position with a reference 
range sensor. The shown test in figure 10 was done on its maximum rating. The influence 
of the P/I control parameter was pretty low in the setting. That was mainly responsible 
for the relatively large overshoot. 
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Figure 10: Jump through neutral 
A test which shows the fast reaction after strong signal changes is shown in figure 11. 
After approximately 0.1ms a stroke of more than 5mm was done against a force of 100N 
with a moderate overshoot. 
 
Figure11: Jump from 0 to 5mm 
Another test to show the capability for precise control is that the main spool slowly moves 
from one side to the other. This “slow ramp through neutral” in is displayed in figure 12. 
The little ripples in the stroke are caused by dry friction in the test bench. 
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Figure 12: Slow ramp through neutral 
The reaction sensitivity to small signal changes is tested in the small signal test shown 
in figure 13. The nominal value is changed in small steps at a certain time. In the shown 
test the nominal stroke value was changed 0.03mm per step after 0.5ms. 
 
Figure 13: Small signal test 
Rapidly changing big and small nominal values of the controller cause different actual 
positions at the stroke. In the test seen in figure 14 the big strokes caused a short 
overshoot at the actual position  
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Figure 14: Resolution test 
The self-locking forces of the shown sample (figure 3) where less than 13N. This gives 
enough security for most spool systems with centering springs to center the spool back 
to neutral.  
4. Conclusion 
The EMA shows a good potential for a serial concept for a very fast, strong and precise 
actuator. The safety requirements concerning self- centering of the spool in the case of 
an electrical power outage can be met. One of the main tasks to solve is the stator design 
in an economic and producible way.  
5. Outlook 
 Lowering of the iron losses through adaption of the material 
 Cost optimizing through leaving out the angle sensor and lowering the resolution 
(at the cost of the performance) 
 Adding of a CAN – connection 
 Easier mounting of the system to the spool body 
 Low voltage version (at the cost of dynamics) 
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